POU3F2/BRN-2 is a transcription factor that is mainly expressed in the central nervous system and plays an important role in brain development. The transactivation domain of POU3F2 includes multiple mammalian-characteristic tandem amino acid repeats (homopolymeric amino acid repeats). We previously generated knock-in mice (Pou3f2 / mice) in which all three homopolymeric amino acid repeats were deleted from the Pou3f2 transactivation domain and identified phenotypic impairments in maternal behavior and pup recognition. Yet, the exact biological implications of homopolymeric repeats are not completely understood. In this study, we investigated cognitive function and hippocampal neurogenesis in Pou3f2 / mice. Pou3f2 / mice exhibited cognitive impairment in object recognition and object location tests. Immunohistochemistry for doublecortin, a marker of immature neurons, showed a lower number of newborn neurons in the dentate gyrus of adult Pou3f2 / mice compared with wild-type mice. Consistent with this observation, adult Pou3f2 / mice had lower numbers of 5-bromo-2 ′ -deoxyuridine (BrdU) and NeuN double-positive cells at 4 weeks after BrdU injection compared with control mice, indicating the decreased generation of mature granule cells in Pou3f2 / mice. Taken together, these results suggest that POU3F2 is involved in cognitive function as well as adult hippocampal neurogenesis, and that homopolymeric amino acid repeats in this gene play a functional role.
POU domain transcription factors serve a variety of biological functions including organ development and endocrine system function including neuroendocrine function (Wegner et al. 1993) . POU domain transcription factors can be classified into at least six different classes; of these, class III POU domain transcription factors (POU3F1, POU3F2, POU3F3 and POU3F4) are mainly expressed in the developing and adult central nervous system. The onset of Pou3f2 expression is in ventricular zone progenitor cells of the early developing brain, and this expression pattern transitions to particular brain regions or nerve nuclei with developmental progression (Dominguez et al. 2012; He et al. 1989) . POU3F2 interacts co-operatively with other transcription factors to regulate a number of neurodevelopmental genes such as Delta1, which encodes a Notch ligand (Castro et al. 2006) . Pou3f2 knockout mice die soon after birth and exhibit hypothalamic and pituitary deficiencies (Nakai et al. 1995; Schonemann et al. 1995) . Another study used a double-knockout paradigm to show that Pou3f2 and Pou3f3, which are co-expressed in the developing neocortex, redundantly regulate cortical neuron migration and layer production (McEvilly et al. 2002; Sugitani et al. 2002) . It has also been reported that fibroblasts can be directly differentiated into neural precursor cells or functional neurons by forced expression of Pou3f2 with a combination of other transcription factors (Pang et al. 2011; Pfisterer et al. 2011; Vierbuchen et al. 2010) . Collectively, these findings suggest that Pou3f2 plays an important role in neural differentiation. Furthermore, Pou3f2 has been suggested to regulate Tph2, a gene encoding tryptophan hydroxylase, through activation of the Tph2 promoter (Scheuch et al. 2007) .
POU3F2 has an evolutionarily well-conserved domain in its C-terminus known as the POU domain that consists of POU-specific domain, POU-homeo domain and a linker sequence. The POU domain binds specific DNA sequences such as the ATGCAAAT octamer sequence. In contrast, the N-terminus of POU3F2 shows significant variation among species: mammalian POU3F2 includes tandem repeats (homopolymeric amino acid repeats) of amino acids such as glycine, glutamine and proline, whereas these repeats are absent in non-mammalian vertebrate orthologs (Nakachi et al. 1997; Sumiyama et al. 1996) . It is known that homopolymeric amino acid repeats modulate protein-protein interactions and transcription factor activities (Gerber et al. 1994; Xiao & Jeang 1998) . Indeed, nuclear protein PQBP1 interacts with the polyglutamine repeat in POU3F2 and inhibits POU3F2 transcriptional regulatory activity (Waragai et al. 1999) . Therefore, repeat-rich region of POU3F2 is considered to function as transactivation domain. Furthermore, several studies suggest that amino acid repeats provide phenotypic diversification (Anan et al. 2007; Fondon & Garner 2004; Kashi & King 2006; Mularoni et al. 2006; Nithianantharajah & Hannan 2007; Wren et al. 2000) and have been positively selected during evolution (Mularoni et al. 2010) .
We previously reported that homopolymeric amino acid repeats in POU3F2 affect murine behavior (Nasu et al. 2014) . We generated two types of knock-in mice: Pou3f2 tro/tro mice, in which the entire coding region of Pou3f2 is replaced with the amphibian (Xenopus tropicalis) ortholog (lacking homopolymeric repeats), and Pou3f2 Δ/Δ mice, in which all three homopolymeric amino acid repeats are deleted from the transactivation domain. Both types of the mice displayed phenotypic defects in maternal behaviors such as pup retrieval. In addition, we found that Pou3f2 tro/tro and Pou3f2 Δ/Δ mice exhibited decreased brain expression of the rate-limiting enzymes for serotonin and dopamine synthesis (i.e. tryptophan hydroxylase and tyrosine hydroxylase, respectively). Despite these insights, the biological functions of Pou3f2 as well as the functional significance of its homopolymeric amino acid repeats remain unclear. In this study, we examined the role of Pou3f2 in cognitive function using Pou3f2 Δ/Δ mice. We also investigated adult neurogenesis in the dentate gyrus of the hippocampus, given the role of adult neurogenesis in hippocampal functions including learning, memory and cognition (reviewed in Gage 2000; Gould & Gross 2002; Zhao et al. 2008; Deng et al. 2010) .
Materials and methods

Animals
Pou3f2
Δ/Δ mice were generated as previously described (Nasu et al. 2014 ) and backcrossed to C57BL/6J for more than 16 generations for use in this study. Pou3f2 Δ/Δ mice used for test were generated by breeding Pou3f2 +/Δ mice with Pou3f2 +/Δ mice, or by breeding Pou3f2 +/Δ mice with Pou3f2 Δ/Δ mice. Wild-type (WT) control mice were generated by breeding Pou3f2 +/ Δ mice with Pou3f2 +/ Δ mice, or by breeding WT mice with WT mice. Mice were 8-11 weeks of age at the time of behavioral testing or immunohistochemical analysis. Mice were group-housed in a dedicated facility with constant temperature and humidity on a 12-h light/dark cycle with ad libitum access to food and water. All animal experiments were approved by the University of Tokyo and conducted in accordance with the guidelines for the care and use of animals.
Behavioral test
A white plastic chamber (40 × 40 × 40 cm) with one black-striped wall and an opposing wall with black circles was utilized for behavioral test. The chamber was illuminated with a fluorescent light and a video camera was fixed above the chamber to record animal behavior. Object recognition test was performed in accordance with the methods of Leger et al. (2013) with slight modifications (Fig. 1a) . Briefly, mice were habituated to the chamber for 5 min twice per day (separated by a 6-h interval) on 2-3 consecutive days. Twenty-four hours after the final habituation session, mice were placed into the chamber and allowed to explore two identical objects that were placed in adjacent corners of the test arena for 10 min (the familiarization phase). Mice Exploration time in WT mice and Pou3f2 Δ/Δ (Δ/Δ) mice in the familiarization phase of object recognition test (WT male: n = 18; WT female, n = 12; Δ/Δ male: n = 10; Δ/Δ female, n = 11). (c) Discrimination indices in the object recognition test for each genotype according to sex (WT male: n = 18; WT female, n = 12; Δ/Δ male: n = 10; Δ/Δ female, n = 11). (d) Diagram of the object location test protocol. (e) Exploration time in WT mice and Pou3f2 Δ/Δ (Δ/Δ) mice in the familiarization phase of object location test (WT male: n = 18; WT female, n = 12; Δ/Δ male: n = 10; Δ/Δ female, n = 11). (f) Discrimination indices in the object location test for each genotype according to sex (WT male: n = 18; WT female, n = 12; Δ/Δ male: n = 10; Δ/Δ female, n = 11). Data are presented as means ± SEM. P * < 0.05, P ** < 0.01.
were reintroduced to the test arena 1 h after familiarization; during this phase (the test phase), mice were allowed to explore one object that was the same as that in the previous section and one novel object placed in adjacent corners for 10 min.
Subsequently, 24 h after the object recognition test, the mice were subjected to object location test in accordance with the methods of Murai et al. (2007) with slight modifications (Fig. 1a) . Similar to the protocol for object recognition test, mice were first allowed to explore two identical objects in adjacent corners of the test arena for 10 min (the familiarization phase). Mice were reintroduced to the test arena 1 h after familiarization; in this phase (the test phase), the placement of one of the objects was changed to a different corner. The objects used in the behavioral tests were a set of wooden blocks of similar size and different shape (cubic, cylinder and cone; Fig. S1 , Supporting Information). Exploration time was defined as the time spent with the nose directed toward the object within a distance of 2 cm. In calculation of the discrimination index, exploration time was scored until the total exploration time was equal to 15 seconds. The discrimination index for the object recognition test was calculated as follows: (novel object exploration time − familiar object exploration time)/(total exploration time). Similarly, a recognition index for the object location test was calculated as follows: (novel object location exploration time − same object location exploration time)/(total exploration time). Objects and object locations were selected at random.
Bromodeoxyuridine administration
To label newborn neurons in the dentate gyrus, mice were administered intraperitoneal 5-bromo-2 ′ -deoxyuridine (BrdU) (Sigma-Aldrich, St. Louis, MO, USA) dissolved in normal saline. For long-term BrdU labeling, mice received 50 mg/kg BrdU once per day for five consecutive days and were sacrificed at 4 weeks after the first injection. For short-term BrdU labeling, mice received 200 mg/kg BrdU three times at 2-h intervals and were sacrificed 24 h after the first injection.
Tissue preparation
Mice were deeply anesthetized with intraperitoneal pentobarbital and transcardially perfused with 15-20 ml of phosphate-buffered saline (PBS; pH 7.4) followed by 50 ml of 4% paraformaldehyde/0.2% glutaraldehyde. After perfusion, brains were harvested and postfixed with the same fixative for 2 h at 4 ∘ C. Brains were washed in PBS, immersed in 5% buffered sucrose overnight at 4 ∘ C, embedded in Tissue-Tek OCT Compound (Sakura Finetek Japan Co., Ltd., Japan), frozen in liquid nitrogen, and stored at −70 ∘ C until use. Frozen brains were sectioned serially (thickness, 20 μm) with a cryostat HM505E (Carl Zeiss, Germany) at −20 ∘ C and mounted on 0.5% gelatin-coated glass slides.
Immunohistochemistry
For doublecortin staining, sections were washed 3 times with PBS (10 min per wash) and subsequently blocked in PBS containing 2% goat serum (Wako, Japan) and 0.1% Triton-X100 (Roche, Switzerland) for 1 h at room temperature. Sections were incubated with rabbit anti-doublecortin antibody (1:2000; Abcam, UK) for 12 h at 4 ∘ C. Thereafter, the sections were washed four times with PBS (15 min per wash), incubated in goat anti-rabbit IgG (Abcam) for 3 h at room temperature, and washed again with PBS four times for 15, 30, 45 and 60 min, respectively. Sections were then incubated with 2.5 μM To-Pro-3 iodide (Invitrogen, Italy) and 50 μg/ml RNase in PBS for 20 min at room temperature for nuclear DNA staining and subsequently washed three times with PBS (5 min per wash). For BrdU/NeuN double staining or BrdU staining, sections were washed three times with PBS (10 min per wash). Sections were incubated with 1 M HCl for 30 min at 45 ∘ C, washed four times with PBS (15 min per wash), blocked and incubated in a mixture of rat anti-BrdU (1:400; Abcam) and rabbit anti-NeuN (1:400; Millipore, Germany) or rat-anti-BrdU (1:400; Abcam) alone for 12 h at 4 ∘ C. Thereafter, the sections were washed four times with PBS (15 min per wash) and incubated in a mixture of goat anti-rat IgG (Abcam) and goat anti-rabbit IgG (Abcam) or goat anti-rat IgG (Abcam) alone for 3 h at room temperature. Sections were then washed 4 times with PBS for 15, 30, 45 and 60 min, respectively, embedded in 10% glycerin in PBS, and stored in a moist environment at 4 ∘ C. Doublecortin-, BrdU/NeuN-and BrdU-expressing cells in the granule cell layer of the dentate gyrus were counted using a FV1000D confocal microscope (Olympus, Japan) and Image J software (1.48v). Left or right hemisphere was used for the doublecortin-positive cell count, and both hemispheres were used for BrdU/NeuN-and BrdU-positive cell count due to acquire the enough number of cells. The number of doublecortin-positive cells in the granule cell layer and the subgranular zone of the dentate gyrus were counted in every 10th coronal section of the hippocampus of each hemisphere, and the area of the granule cell layer used for count were measured using Image J software. The density of doublecortin-positive cells in the granule cell layer is estimated by dividing the number of immunopositive cells by the area of the granule cell layer. To estimate the volume of entire granule cell layer, the areas were summed and multiplied by the distance between sections sampled. To estimate the total number of doublecortin-positive cells in the dentate gyrus, immunopositive cells counted in every 10th coronal section of the hippocampus were multiplied by 20. Similarly, BrdU/NeuN-and BrdU-positive cells in the granule cell layer and subgranular zone of the dentate gyrus were counted in every 10th coronal section of the hippocampus and multiplied by 10. To analyze the maturation stages of newborn neurons, we categorized doublecortin-expressing cells in the subgranular zone into three stages depending on the dendritic morphology according to Plümpe et al. (2006 
Results
Pou3f2
/ mice exhibit cognitive impairment
We first performed object recognition test to investigate cognitive function. This test is based on the innate preference of mice for novel rather than familiar objects or environments (Leger et al. 2013) . During the familiarization phase, WT and Pou3f2 Δ/Δ mice did not spend significantly different amounts of time exploring the two identical objects (t = 0.677, P = 0.506 and t = 0.037, P = 0.971 for male and female mice, respectively, student's t-test; Fig. 1b ). In the test phase, both male and female WT mice showed preferences for the novel object based on discrimination indices (t 18 = 2.726, P < 0.05 and t 12 = 5.243, P < 0.001 for male and female mice, respectively, one-sample t-test; Fig. 1c ). Alternatively, Pou3f2 Δ/Δ mice did not spend significantly different amounts of time exploring the novel object vs. the familiar object (t 10 = 0.333, P = 0.747 and t 11 = 0.974, P = 0.353 for male and female mice, respectively, one-sample t-test; Fig. 1c ). Female Pou3f2 Δ/Δ mice had significantly lower discrimination indices compared with female WT mice (P < 0.05, student's t-test; Fig. 1c) , and a nonsignificant but similar trend was observed in male Pou3f2 Δ/Δ mice compared with male WT mice (P = 0.121, student's t-test; Fig. 1c) . Next, we performed object location test to evaluate spatial recognition (Murai et al. 2007) . During the familiarization phase, there were no statistically significant differences in total sniffing time between WT and Pou3f2 Δ/Δ mice (t = −0.849, P = 0.404 and t = −1.153, P = 0.262 for male and female mice, respectively, student's t-test; Fig. 1e ). Male and female WT mice showed significant preferences for the novel location object vs. the familiar location object (t 18 = 5.444, P < 0.001 and t 12 = 5.057, P < 0.001 for male and female mice, respectively, one-sample t-test; Fig. 1f) . Alternatively, Pou3f2 Δ/Δ mice did not show significant preference for the novel location object (t 10 = 0.707, P = 0.497 and t 11 = 1.514, P = 0.161 for male and female mice, respectively, one-sample t-test; Fig. 1f ). Female Pou3f2 Δ/Δ mice had significantly lower discrimination indices compared with female WT mice (P < 0.001, student's t-test; Fig. 1f ) and a nonsignificant but similar trend was observed in male Pou3f2 Δ/Δ mice compared with male WT mice (P = 0.087, student's t-test; Fig. 1f) . These results indicated that Pou3f2 Δ/Δ mice exhibit impairments in object and spatial recognition.
Pou3f2 / mice have lower numbers of newborn neurons in the adult hippocampus
We next assessed adult hippocampal neurogenesis in female Pou3f2 Δ/Δ mice. Doublecortin is a microtubule-binding protein that is expressed in cell types ranging from early neuroblasts to 28-day-old neurons in the adult dentate gyrus (Karten et al. 2006; Plümpe et al. 2006; Rao & Shetty 2004) . The density of doublecortin-positive cells in the dentate gyrus was 17.7% lower in Pou3f2 Δ/Δ mice compared with WT mice (P < 0.05, Welch's t-test; Fig. 2a,b) . Similarly, the total number of doublecortin-positive cells in the dentate gyrus was 21.7% lower in Pou3f2 Δ/Δ mice compared with WT mice (P < 0.01, Welch's t-test; Fig. S2a ). There was no difference in size of the granule cell layer between WT mice and Pou3f2 Δ/Δ mice (P = 0.623, student's t-test; Fig. S2b ). Doublecortin-positive cells can be categorized into three stages of development based on cell morphology (Plümpe et al. 2006 The density of doublecortin-positive cells in the dentate gyrus according to genotype (WT female: n = 7; Δ/Δ female: n = 6). (c) Doublecortin-positive cells in the subgranular zone of the dentate gyrus in each genotype categorized according to staging based on dendritic morphology (WT female: n = 7; Δ/Δ female: n = 6). Scale bar = 100 μm. GCL, granule cell layer; HIL, hilus and ML, molecular layer. Data are presented as means ± SEM. P * < 0.05, P ** < 0.01. the dentate gyrus for each genotype according to sex (WT male: n = 9; Δ/Δ male: n = 8; WT female: n = 7; Δ/Δ female: n = 6). (c) Neural precursor proliferation in the dentate gyrus for each genotype according to sex (WT male: n = 3; Δ/Δ male: n = 3; WT female: n = 6; Δ/Δ female: n = 6). Scale bar = 100 μm. GCL, granule cell layer; HIL, hilus; and ML, molecular layer. Data are presented as means ± SEM. P * < 0.05, P ** < 0.01.
We next analyzed the expression of NeuN, a marker for mature neurons, in BrdU-labeled cells in the dentate gyrus. NeuN and BrdU colocalization was examined at 4 weeks after BrdU injection, when a majority of BrdU-labeled newborn cells were expected to have differentiated into mature granule cells. Female Pou3f2 Δ/ Δ mice had 29.9% fewer numbers of BrdU/NeuN-positive cells in the adult dentate gyrus compared with WT mice (P < 0.05, student's t-test; Fig. 3a,b) . In addition, male Pou3f2 Δ/ Δ mice similarly showed 32.2% fewer number of BrdU/NeuN-positive cells in the adult dentate gyrus compared with WT mice (P < 0.01, student's t-test; Fig. 3c ), suggesting impaired adult hippocampal neurogenesis in Pou3f2 Δ/Δ mice independent of sex.
To investigate whether the reduced proliferation of neural precursor cells led to impaired adult hippocampal neurogenesis in Pou3f2 Δ/Δ mice, we analyzed the cell proliferation in the subgranular zone of the dentate gyrus by examining BrdU labeling 24 h after BrdU injection. Both male and female Pou3f2 Δ/Δ mice showed significantly higher numbers of BrdU-labeled cells in the subgranular zone of the dentate gyrus compared with WT mice (P < 0.05; Fig. 3d ). These results suggested that impaired adult hippocampal neurogenesis in Pou3f2 Δ/Δ mice was due to decreased differentiation rather than reduced cell proliferation.
Discussion
This study identified cognitive impairment as well as the impaired differentiation of newborn neurons in the dentate gyrus of the hippocampus in both male and female Pou3f2 Δ/Δ mice compared with WT mice. In the behavioral tests, WT and Pou3f2 Δ/Δ mice spent equal amounts of time-exploring objects during the familiarization phases, suggesting no differences in motivation, curiosity and sensory functions between WT and Pou3f2 Δ/Δ mice. In the object recognition test, male and female Pou3f2 Δ/Δ mice had discrimination indices close to 0, indicating that Pou3f2 Δ/Δ mice were unable to discriminate novel objects from familiar objects; yet, in within-sex comparisons, there was only a statistical difference between the performances of female Pou3f2 Δ/Δ and WT mice. Previous studies have indicated that male mice have a weaker ability to identify novel objects compared with female mice (Frick & Gresack 2003; Ghi et al. 1999; Sutcliffe et al. 2007) , consistent with our observation. Our present observation is also consistent with our previous finding of impaired pup recognition in Pou3f2 Δ/Δ dams (Nasu et al. 2014) . In the object location test, Pou3f2 Δ/Δ mice also exhibited impairments in spatial cognition. Recent genome-wide association studies have identified Pou3f2 as a promising candidate gene for educational attainment as a proxy phenotype in human cognitive performance (Okbay et al. 2016; Rietveld et al. 2014 ). Therefore, mammalian Pou3f2 appears to be deeply involved in cognitive function with the aid of its homopolymeric amino acid repeats.
In our previous study, Pou3f2 Δ/Δ mice showed decreased brain levels of tryptophan hydroxylase and tyrosine hydroxylase (Nasu et al. 2014) . Accumulating evidence shows that serotonin and dopamine are closely related to mammalian cognitive function (Jay et al. 2004; Jenkins et al. 2010; Khaliq et al. 2006; Levkovitz et al. 2003; Porter et al. 2003; Schmitt et al. 2006; Tritsch & Sabatini 2012; Uchida et al. 2007) . Almost all serotonin and dopamine receptor subtypes are expressed in the hippocampus (Berumen et al. 2012; Jay 2003; Khan et al. 1998) . Additionally, the hippocampus mediates some aspects of serotonin-and dopamine-mediated cognitive functions (Benchenane et al. 2010; Jay et al. 2004; Schreiber & Newman-Tancredi 2014; Tritsch & Sabatini 2012) , in part via adult neurogenesis in the dentate gyrus. In this study, adult Pou3f2 Δ/Δ mice exhibited decreased numbers of doublecortin-positive cells and BrdU/NeuN-positive cells in the dentate gyrus, indicating the impairment of adult neurogenesis. The dentate gyrus receives inputs from the cortex and acts as a preprocessor of incoming information, assisting information processing in the hippocampus. Adult hippocampal neurogenesis plays a role in pattern separation, which is important for novelty-related cognition (Hvoslef-Eide & Oomen 2016) . Additionally, many studies have reported that POU3F2 participates in cognitive function and adult hippocampal neurogenesis adult hippocampal neurogenesis contributes to performance in the object recognition (Bruel-Jungerman et al. 2005; Jessberger et al. 2009 ) and object location tests (Goodman et al. 2010) . Therefore, it is likely that deficits in novel object and novel location recognition in Pou3f2 Δ/Δ mice were related to decreased adult hippocampal neurogenesis.
Adult hippocampal neurogenesis includes multiple steps. Neural precursor cells proliferate in the expansion phase and subsequently migrate and differentiate into granule cells in the postmitotic maturation phase. In this study, we found that the number of doublecortin-positive cells in late stage of maturation was decreased in the dentate gyrus of Pou3f2 Δ/Δ mice, while there was no decrease in the number of proliferating BrdU-labeled cells. These findings indicated that decreased adult hippocampal neurogenesis was specifically related to impaired cell maturation rather than decreased neuronal precursor proliferation. Many intrinsic and extrinsic factors regulate the proliferation and maturation of newborn neurons in the adult hippocampus, including serotonin and dopamine. Pharmacological studies of serotonin suggest a positive effect of serotonin on the maturation of newborn neurons (Jha et al. 2006; Klempin et al. 2010; Mendez-David et al. 2014) . Indeed, prolonged treatment with a selective serotonin reuptake inhibitor accelerated cell maturation in the adult hippocampus (Wang et al. 2008) . In contrast, genetically modified mice with life-long or transient depletion of brain serotonin enhanced the survival of the newborn neurons (Diaz et al. 2013; Sachs et al. 2013; Song et al. 2016) , as well as chronic pharmacological serotonin depletion did (Diaz et al. 2013) . These conflicting reports may be due to the diverse roles of serotonin according to the responsible receptor subtype as well as differences in experimental design. Similar conflicting reports have been published regarding the role of dopamine in regulating the maturation of newborn neurons in the adult dentate gyrus. Treatment with a dopamine D2 receptor antagonist was reported to increase the maturation of newborn neurons in the dentate gyrus and to have no effect in separate studies (Halim et al. 2004; Keilhoff et al. 2010; Wang et al. 2004) . Pharmacological dopamine depletion reduced or had no effect on the survival of newborn neurons in the hippocampus (Khaindrava et al. 2011; Park & Enikolopov 2010) . Furthermore, the chronic inhibition of dopamine reuptake was reported to have no effect on neuronal precursor differentiation and survival (Domínguez-Escribà et al. 2006) . Future studies are required to determine the exact involvement of serotonin and dopamine depletion in the decreased maturation of newborn neurons in the adult dentate gyrus of Pou3f2 Δ/Δ mice. Alternatively, Pou3f2 may act as an intrinsic regulatory factor contributing to adult hippocampal neurogenesis; recent studies show a crucial role for Pou3f2 in neuronal differentiation (Dominguez et al. 2012; Urban et al. 2015; Vierbuchen et al. 2010; Wapinski et al. 2013) . Given the observation that cell proliferation was increased in the dentate gyrus of adult Pou3f2 Δ/Δ mice, there might be a disturbance of the balance between neuronal precursor cell proliferation and differentiation in the hippocampus.
In summary, we show that POU3F2 is involved in cognitive function and adult hippocampal neurogenesis through mammalian-characteristic amino acid repeat sequences in its transactivation domain. Pou3f2 was recently associated with cognitive performance and bipolar disorder (Mühleisen et al. 2014; Okbay et al. 2016; Rietveld et al. 2014) as well as autism-like behaviors in mice (Belinson et al. 2016 ). In accordance with these studies, this study provides strong evidence for a role of mammalian Pou3f2 in cognition. Cognitive function and adult neurogenesis in the dentate gyrus of hippocampus are both believed to be late-evolved traits (Hevner 2016; Kempermann 2012) . Taken together with our findings that homopolymeric amino acid repeats of POU3F2 characteristic in mammals play crucial roles in cognitive functions, acquirement of homopolymeric amino acid repeats must be a driving factor of trans-regulatory evolution. was supported by Grants-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan. The authors declare no conflict of interest.
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